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Abstract

The combination of imatinib and a farnesyltransferase inhibitor might be effective for reducing the number of BCR/ABL-positive
leukemia cells. In this study, we examined the differences in the mechanisms of the growth inhibitory effect of the combination of imatinib
and R115777 (Zarnestra™) among BCR/ABL-positive cell lines. Steel and Peckham isobologram analysis indicated that this
combination had a strong synergistic inhibitory effect on growth in all imatinib-resistant cell lines and their parental cell lines. Levels
of cleaved caspase 3 were increased by the combination treatment in all cell lines. However, both the level of cleaved PARP and the
number of annexin-V-positive cells were much less increased in KCL22 and KCL22/SR cells than in K562, KU812, K562/SR and KU812/
SR cells. The combination treatment promoted p27*'"! accumulation and induced a significant increase in the percentage of GO/G1
KCL22 and KCL22/SR cells. In other cell lines, the percentage of GO/G1 cells was not increased but rather decreased. The results indicate
that induction of apoptosis and blockage of the cell cycle were major mechanisms of the synergistic inhibitory effect of the combination
treatment, but the relative importance of these mechanisms differed among cell types. Additional treatment for overriding the G1

checkpoint may be required to eradicate leukemia cells, in which the combination induces cell cycle arrest.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The ABL tyrosine kinase inhibitor imatinib mesylate
(imatinib, Novartis) has shown a substantial clinical effect
in BCR/ABL-positive leukemia patients [1-4]. It has been
reported that about 50% of patients with aggressive BCR/
ABL-positive leukemia, such as chronic myeloid leukemia
in blast crisis (CML-BC) and acute lymphoblastic leuke-
mia (ALL), exhibit a hematological response to treatment
with imatinib alone [3,4]. However, most patients with
such leukemia relapse soon after showing a response to
imatinib; thus, long-term remission is not obtained with
imatinib treatment alone. Furthermore, it is possible that
many patients with CML-BC will have primary resistance
to imatinib because imatinib may already have been admi-
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nistered in the chronic phase in many cases. Previous
studies have demonstrated that BCR/ABL gene amplifica-
tion, point mutations in the ATP-binding pocket of the
BCR/ABL gene, increased expression of BCR/ABL pro-
tein, up-regulation of P-glycoprotein (P-gp) belonging to
the ABC transporter family, increased concentration of
serum al acid glycoprotein and up-regulation of Nrf2-
mediated gene expressions may be involved in the acquisi-
tion of resistance to imatinib [5—14]. Several recent studies
have indicated that imatinib-resistant cells with a point
mutation in the BCR/ABL gene may be present prior to
treatment with imatinib in BCR/ABL-positive leukemia
patients [5,15—-17]. Therefore, to obtain a sufficient clinical
effect, it is important to reduce the number of imatinib-
resistant leukemia cells by initial treatment targeting
aggressive BCR/ABL-positive leukemia. Recently, a
new generation of BCR/ABL kinase inhibitors has been
developed [18-21] and has been shown to be effective
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against imatinib-resistant cells with point mutations in
vitro [18]. However, none of these inhibitors are currently
available for clinical use. At present, one attractive ther-
apeutic strategy is combination therapy with imatinib and
other anti-leukemia reagents. Cytotoxic effects of various
combinations on leukemia cells have been investigated
[22,23].

Some cellular proteins, including Ras family proteins,
require posttranslational modifications to become active.
Prenylation, which is involved in these modifications, can
be performed by adding a 15-carbon farnesyl isoprenoid
group mediated by farnesyltransferase. An alternative
prenylation reaction, geranylgeranylation, can be per-
formed by transferring a 20-carbon geranylgeranyl iso-
prenoid to proteins by geranylgeranyl transferases.
Because prenylation is required to transfer Ras proteins
to the cellular membrane, farnesyltransferase inhibitors
(FTIs) were initially expected to suppress Ras function,
leading to tumor growth inhibition [24,25]. An FTI
showed significant anti-tumor activity via inhibition of
H-Ras function in an activated H-Ras-induced breast
cancer model [26]. However, N-Ras and K-Ras can be
transferred to the cellular membrane by geranylgeranyla-
tion, even if farnesylation is inhibited, suggesting that
inhibition of the processing of other target proteins is
involved in the anti-tumor effects of FTIs. Such target
proteins may include the small GTP-binding protein
RhoB and the centromere-associated proteins CENP-E
and CENP-F [27,28].

FTIs have been shown to have anti-leukemia effects on
BCR/ABL-positive cultured cells and in BCR/ABL-posi-
tive murine models [29,30]. Moreover, Hoover et al.
reported that an FTI, SCH66336, inhibited proliferation
of imatinib-resistant cell lines and colony formation by
hematopoietic progenitors from imatinib-resistant CML
patients [31]. These findings suggest that FTIs have
potential as agents for treatment of imatinib-resistant
BCR/ABL-positive leukemia. The results of clinical
studies on an FTI, R115777 (Zarnestra'™, Titusville,
NJ), indicate that it is moderately effective against
CML [32,33]. However, R115777 alone does not seem
to be sufficiently effective against aggressive CML [33].
Phase I studies using combination therapy with R115777
and imatinib for treatment of refractory or resistant
BCR/ABL-positive leukemia have been conducted
[34,35].

In this study, we investigated the mechanisms under-
lying the inhibitory effect of the combination of R115777
and imatinib on growth of BCR/ABL-positive cells. Our
isobologram analysis revealed that this combination has a
significant synergistic inhibitory effect on growth of ima-
tinib-resistant cell lines and imatinib-sensitive cell lines.
We also found that this effect was due to both induction of
apoptosis and blockage of the cell cycle, but the relative
importance of these two mechanisms differed among cell
lines.

2. Materials and methods
2.1. Cell lines

We previously established an imatinib-resistant clone,
KCL22/SR, from the KCL22 human BCR/ABL-positive
cell line [36]. To obtain other imatinib-resistant clones, we
treated K562 and KUS812 cells (BCR/ABL-positive cell
lines established from peripheral blood of CML patients in
blast crisis) with step-wise increasing concentrations of
imatinib (0.1-1.0 wM) and cultured them on a medium
containing methylcellulose, followed by selection and
cloning of individual colonies. These newly cloned ima-
tinib-resistant cell lines were designated K562/SR and
KUS812/SR, respectively. All imatinib-sensitive parental
cells and imatinib-resistant cells were grown in RPMI1640
medium supplemented with 10% fetal bovine serum and
split every 4 days.

2.2. Cytotoxic effects of a combination of R115777 and
imatinib

The farnesyltransferase inhibitor R115777 was kindly
provided by Johnson & Johnson Pharmaceutical and
Development (Philadelphia, PA). Imatinib was purchased
from Novartis Pharma (Basel, Switzerland). Cells were
incubated with various concentrations of each reagent for 4
days and then cell numbers were counted using a Cell
Counting Kit-8 (Wako Pure Chemical Industries Ltd.
Osaka, Japan) in accordance with the manufacturer’s
instructions. The cytotoxic effect of the combination of
R115777 and imatinib was evaluated by a Steel and
Peckham isobologram as described previously [37,38].
When the points were outside the left margin of the
envelope formed by two broken lines, the combination
treatment was considered to have a synergistic effect on
cell growth inhibition. If the points were plotted within the
envelope, the combination treatment was considered to
have an additive effect.

2.3. Western blot analysis

Whole cell lysates were prepared from 1 x 107 cells
according to a method described previously [39]. Then
10 g of whole cell lysate was separated electrophoreti-
cally using 10% polyacrylamide gel. Immunoblotting and
detection by enhanced chemiluminescence were per-
formed as described previously [40]. Mouse anti-glycer-
aldehyde-3-phosphate dehydrogenase monoclonal anti-
body and anti-phospho-tyrosine antibody were purchased
from Chemicon International (Temecula, CA) and Santa
Cruz Biotechnology (Santa Cruz, CA), respectively. Anti-
cleaved caspase 3, anti-PARP, anti-p44/42 (ERK1/2) MAP
kinase and anti-phospho p44/42 (ERK1/2) MAP kinase
rabbit polyclonal antibodies were purchased from Cell
Signaling Technology (Beverly, MA). Mouse anti-
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p27%™! and anti-HDJ-2 monoclonal antibodies were pur-
chased from BD Biosciences (San Jose, CA) and Neomar-
kers (Fremont, CA), respectively.

2.4. Flow cytometry

Apoptotic cells were evaluated by counting annexin-V-
positive cells using a MEBCYTO-Apoptosis Kit (MBL,
Nagoya, Japan) in accordance with the manufacturer’s
instructions. Briefly, the cells were collected and rinsed
once with phosphate-buffered saline (PBS). The cells were
then incubated with annexin-V-FITC and propidium iodide
for 15 min and analyzed by flow cytometry using a FACScan
Analyzer (Becton Dickinson, San Jose, CA). For cell cycle
analysis, the cells were incubated with propidium iodide for
30 min and analyzed by flow cytometry using a FACScan/
CellFIT system (Becton Dickinson, San Jose, CA).

3. Results

3.1. Development of imatinib-resistant
BCR/ABL-positive cell lines

We used an imatinib-resistant clone, KCL22/SR, and its
parental BCR/ABL-positive cell line, KCL22 [36]. In
addition, we cloned two other imatinib-resistant clones,
K562/SR and KU812/SR, from the BCR/ABL-positive cell
lines K562 and KUS812, respectively. As shown in Table 1,
ICs values of imatinib against the three imatinib-resistant
clones were 5-9-fold higher than that against each corre-
sponding parental cell line. No amplification of or point
mutation in the BCR/ABL gene was found in these ima-
tinib-resistant clones. Consistent with our previous find-
ings [36], imatinib treatment resulted in a significant
decrease in the level of phosphorylation of BCR/ABL
protein in all imatinib-resistant clones as well as parental
cell lines (data not shown). These results suggest that
deregulation of processes downstream of BCR/ABL kinase
is involved in the acquisition of resistance to imatinib in
these imatinib-resistant clones.

3.2. Combined treatment of BCR/ABL-positive cells
with R115777 and imatinib resulted in synergistic
inhibition of cell growth

To confirm that the farnesyltransferase inhibitor
R115777 inhibits farnesylation in BCR/ABL-positive

Table 1
ICso values of imatinib against the imatinib-sensitive and the imatinib-
resistant cell lines

1C5q values(uM)

KCL22 0.199 £+ 0.037
K562 0.218 £ 0.091
KU812 0.216 £+ 0.076

KCL22/SR 1.779 £ 0.934
K562/SR 1.245 £+ 0.419
KU812/SR 1.526 + 0.308

Ratio x8.940
Ratio x5.711
Ratio x7.065

cells, we examined the level of the chaperone protein
HDJ-2, which is a substrate of farnesyltransferase, by
Western blot analysis using an anti-HDJ-2 antibody
[41]. Treatment of cells with R115777 resulted in signifi-
cant accumulation of unprocessed HDJ-2 in all cell lines
(data not shown), suggesting that farnesylation is effec-
tively inhibited by R115777 in both imatinib-sensitive and
imatinib-resistant BCR/ABL-positive cells. To determine
whether a combination of R115777 and imatinib effec-
tively inhibits growth of BCR/ABL-positive cells, we
examined the time courses of changes in cell count after
treatment with ICsy concentrations of imatinib, R115777
and a combination of these two reagents. The combined
treatment resulted in greater suppression of cell growth
than did treatment with either of the reagents alone in all
parental and imatinib-resistant cells (data not shown). To
determine whether the growth inhibitory effect was syner-
gistic or additive, we next performed Steel and Peckham
isobologram analysis, which provides very strict and reli-
able results [38]. Combined treatment of parental cells
(KCL22, K562 and KU812) with R115777 and imatinib
resulted in clear synergistic inhibition of cell growth
(Fig. 1A). This combination also synergistically inhibited
the growth of imatinib-resistant cells, KCL22/SR, K562/
SR and KUS812/SR (Fig. 1A). These results indicate that
the combination of R115777 and imatinib has a synergistic
inhibitory effect on growth of BCR/ABL-positive cells,
regardless of sensitivity to imatinib.

R115777 was initially expected to be an inhibitor of Ras
function. We investigated the levels of phosphorylation of
ERK1/2, a Ras-mitogen-activated protein kinase (MAPK),
to determine whether the synergistic inhibitory effect was
mediated by alteration of Ras signaling. However, the
levels of phopho-ERK1/2 were not decreased by
R115777 treatment in any of the cell lines (data not
shown). These results suggest that inhibition of Ras-
MAPK signaling is not involved in the inhibitory effect
of R115777 on BCR/ABL-positive cells.

3.3. R115777 and imatinib synergistically inhibited the
growth of leukemia cells from a patient in blast crisis

We next examined the effect of combined treatment on
the growth of primary leukemia cells from a 53-year-old
male patient in imatinib-resistant blast crisis. Written
informed consent for the examination was obtained from
the patient. Leukemia cells from peripheral blood of the
patient, with no mutation in the BCR/ABL gene, were used
for Steel and Peckham isobologram analysis. The patient
showed no response to imatinib after conversion to blast
crisis. The IC5y of imatinib to these cells was 0.71 uM,
which is high compared with those of imatinib-sensitive
CML cell lines. Combined treatment of these cells with
R115777 and imatinib resulted in a synergistic inhibitory
effect on growth (Fig. 1B). These results suggest that this
combination treatment is effective against primary imati-
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Fig. 1. Effect of combination of R115777 and imatinib on growth inhibition. (A) Steel and Peckham isobologram analyses of the combination of R115777 and
imatinib in BCR/ABL-positive cell lines were performed as described in Section 2. Most points are plotted in the area representing synergistic effects in all
BCR/ABL-positive parental cell lines (a) and imatinib-resistant cell lines (b). (B) Mononuclear cells from peripheral blood of a patient with imatinib-refractory
blast crisis were first seeded at a density of 1 x 10° cells/ml and cultured in RPMI1640 media for 72 h. Steel and Peckham isobologram analysis of the
combination of R115777 and imatinib was performed as described in Section 2. Most points are plotted in the area of synergistic effects.

nib-resistant BCR/ABL-positive cells in patients in blast
crisis.

3.4. Induction of apoptosis by combination of
R115777 and imatinib

To clarify whether the combination of R115777 and
imatinib inhibits cell growth due to induction of apop-
tosis, we examined the levels of cleaved caspase 3,
cleaved PARP and the number of annexin-V-positive
cells with or without the combination treatment. The
combination treatment increased the level of cleaved
caspase 3 in all parental and imatinib-resistant cell lines
(Fig. 2A). In K562, K562/SR, KU812 and KU812/SR
cells, the level of cleaved PARP, which is one of the
downstream molecules of caspase 3, was also signifi-
cantly increased. Consistent with these results, the com-
bination treatment markedly increased the number of
annexin-V-positive K562, K562/SR, KUS812 and
KU812/SR cells, whereas addition of ICsq concentrations
of imatinib or R115777 alone only slightly increased the
number of annexin-V-positive cells (Fig. 2B). In contrast,
the level of cleaved PARP was much less increased by the

combination treatment in KCL22 and KCL22/SR cells
(Fig. 2A). Furthermore, induction of annexin-V-positive
cells was much less pronounced in KCL22 and KCL22/
SR cells at 72 h (Fig. 2B), 48 h and 96 h (data not shown)
after addition of R11577 with imatinib. These results
indicate that the combination of R11577 and imatinib
induces apoptosis in both imatinib-sensitive and imati-
nib-resistant cells, but the contribution of apoptosis to the
synergistic inhibitory effect on cell growth is relatively
low in KCL22 and KCL22/SR cells because of insuffi-
cient activation of PARP.

3.5. Effect of the combination of R115777 and
imatinib on the cell cycle

Since the combination treatment only slightly increased
the number of annexin-V-positive cells in KCL22 and
KCL22/SR cells, we hypothesized that the synergistic
growth inhibition was mainly caused by induction of cell
cycle blockage in these cells. To investigate the function of
the G1 checkpoint, we first examined the level of p27*<™*.
Consistent with our previous findings, p27%™" expression
was up-regulated by treatment with imatinib alone in
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Fig. 2. Induction of apoptosis by a combination of R115777 and imatinib. (A) Cells were cultured in the absence of any reagent for 3 days prior to the treatment
and then treated with a combination of ICs, concentrations of imatinib and R115777 for 6, 12 and 24 h. Total cell lysates were prepared and subjected to Western
blot analysis using anti-cleaved casepase-3 and anti-PARP antibodies. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was examined
as an internal control. The levels of cleaved caspase 3 and cleaved PARP normalized on the basis of GAPDH levels are shown. (B) Cells were cultured in the
absence of any reagent for 3 days prior to treatment and then treated with ICs, concentrations of imatinib, R115777 or a combination of imatinib and R115777
for 72 h. The number of annexin-V-positive cells was counted by flow cytometry as described in Section 2.

KCL22 and KCL22/SR cells (Fig. 3A). In these cells,
the combination treatment with ICsq concentrations of
R115777 and imatinib also promoted p27%""! accumula-
tion and significantly increased the percentage of GO/G1
cells (Fig. 3A and B). To determine whether a higher
concentration of imatinib could induce cell cycle progres-
sion and thus lead cells to apoptosis, we next examined the
effect of combined treatment with 5 wM imatinib and ICs
concentration of R115777 on p27*'*! expression and G0/
G1 accumulation. The results showed that the combination
of the reagents at these concentrations increased p27*<™""!
level and the percentage of GO/G1 cells to the same level
and percentage as those in the case of ICsy concentrations
of R115777 and imatinib (data not shown). These findings
suggest that the combination could not abrogate the ima-
tinib-induced activation of G1 checkpoint and that induc-
tion of cell cycle arrest rather than induction of apoptosis
was thus the main cause of synergistic growth inhibition in

KCL22 and KCL22/SR cells. In contrast, the percentage of
GO/G1 cells among K562, KU812, K562/SR or KU812/SR
cells was not increased but rather decreased by combina-
tion treatment (Fig. 3B). Consistent with these results, the
levels of cycline D1 were decreased after combination
treatment in K562, KU812, K562/SR and KU812/SR cells
(data not shown). The p27KIP1 level in KU812/SR cells was
slightly increased and maintained for 24 h by treatment
with imatinib alone, whereas the level was increased at
6 h but declined afterward in K562, K562/SR and KU&12
cells (Fig. 3A). Interestingly, combination treatment with
R115777 and imatinib had no inhibitory effect on the
imatinib-mediated induction of p27*™" expression in these
cells (Fig. 3A). These results suggest that GO/G1 accumu-
lation was not induced in these cells, unlike in KCL22 and
KCL22/SR cells, despite G1 checkpoint activation, prob-
ably due to the significant induction of apoptosis after
combination treatment.
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Fig. 3. Effect of combination treatment with R115777 and imatinib on the cell cycle. (A) Changes in p275"™" protein levels in cells treated with imatinib alone
or with a combination of R115777 and imatinib. Cells were cultured in the absence of any reagent for 3 days prior to the treatment and then treated with ICs
concentrations of imatinib alone or a combination of ICsy concentrations of imatinib and R115777 for 6, 12 and 24 h. Total cell lysates were prepared and
subjected to Western blot analysis using anti-p27<'"" antibody. Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was used as a control for
loading (lower panel). (B) Combination treatment of R115777 and imatinib changed the ratios of cell cycle stages. After 24 h of incubation of cells with ICs
concentrations of imatinib and R115777, the cells were harvested and incubated with propidium iodide for 30 min and analyzed by flow cytometry with a

FACScan/CellFIT system (Becton Dickinson, San Jose, CA).

4. Discussion

Previous studies showed that sustenance of BCR/ABL
kinase activity mediated by mechanisms including
increased expression of and point mutations in the BCR/
ABL gene is a major cause of acquisition of resistance to
imatinib [5-14]. In fact, BCR/ABL gene mutations have
been found in many clinical imatinib-resistant cases [5-9].
However, there are some cases in which no mutation
is found. In the latter cases, deregulation of processes
downstream of BCR/ABL kinase may be involved in the
resistance to imatinib. Thus, resistance to imatinib can

apparently be obtained in both BCR/ABL kinase activity-
related and activity-unrelated manners. Imatinib-resistant
cell lines examined in the present study exhibited no
upregulation of BCR/ABL protein or point mutations in
the BCR/ABL gene (data not shown). Moreover, phos-
phorylation of BCR/ABL was significantly suppressed by
imatinib treatment, suggesting that these cells provide a
good model of imatinib resistance via a BCR/ABL kinase
activity-unrelated mechanism.

FTIs are reagents that may target abnormally activated
cellular signaling downstream of BCR/ABL kinase. Pre-
vious in vitro studies showed that combinations of FTIs and
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imatinib are effective against BCR/ABL-positive cells, but
it is unclear whether this effect is additive or synergistic.
The present results indicate that combination of R115777
and imatinib synergistically inhibits growth of BCR/ABL-
positive cell lines, as indicated by a Steel and Peckham
isobologram, which is one of the most reliable methods of
analysis for evaluating cell growth inhibition (Fig. 1A).
Notably, this synergistic inhibitory effect was also
observed in both imatinib-resistant cell lines and leukemia
cells from an imatinib-refractory patient (Fig. 1A and B).
These results strongly suggest that this combination would
have therapeutic value for patients with aggressive BCR/
ABL-positive leukemia. It is important to clarify whether
the combination treatment is also effective against cells
that have resistance-associated mutated BCR/ABL protein,
whose kinase activity is not effectively inhibited by ima-
tinib [42]. On the other hand, the contribution of upregula-
tion of P-gp to acquisition of resistance to imatinib is still
controversial [43,44]. Fortunately, the effect of the com-
bination treatment may not be influenced by overexpres-
sion of P-gp, because the growth of KU812/SR cells
(which express P-gp at a level 12.7-fold higher than that
in parental KU812 cells) was effectively inhibited by the
combination treatment, as was the case with other cell
lines.

FTIs were initially developed as inhibitors of posttran-
slational processing of Ras proteins. However, numerous
previous studies suggest that inhibition of the processing of
other target proteins such as RhoB, CENP-E and CENP-F
is involved in FTI-mediated inhibition of tumor cell pro-
liferation [27,28]. In the present study, R115777 alone had
no effect on the levels of phopho-ERK1/2 in any of the
BCR/ABL-positive cell lines examined. Taken together
with the finding that overexpression of MEKI1 (a down-
stream kinase in the Ras pathway) in KCL22 cells did not
restore the cytotoxic effect of the combination treatment
(data not shown), this suggests that inhibition of abnor-
mally activated signaling other than Ras-MAPK signaling
is involved in synergistic growth inhibition by the combi-
nation treatment. We previously found by DNA microarray
analyses that RASAP1 and RhoA, which affect or engage
in cross talk with cellular signaling, are expressed at higher
levels in KCL22/SR cells than in KCL22 cells [36]. It is of
interest to clarify whether the effect of the combination
treatment is mediated by expression of such molecules.

It has been shown that imatinib induces apoptosis in
CML cells [45]. In K562, KU812, K562/SR and KU812/
SR cells, R115777 significantly augmented the imatinib-
induced increase in the number of annexin-V-positive cells
(Fig. 2B). Consistent with these results, the levels of both
cleaved caspase 3 and cleaved PARP were increased by the
combination treatment. These results suggest that the
combination effectively induces apoptosis in these cells.
In contrast, the induction of annexin-V-positive cells was
extremely low in KCL22 and KCL22/SR cells despite the
increase in the level of cleaved caspase 3 by the combina-

tion treatment (Fig. 2A and B). One possible explanation
for these results is that apoptosis signaling was blocked
downstream of caspase 3 in KCL22 and KCL22/SR cells.
In fact, the level of cleaved PARP, which is one of the
downstream molecules of caspase 3, was much less
increased in KCL22 and KCL22/SR cells than in other
cell lines (Fig. 2A). Although it is also possible that other
unknown mechanisms critically contribute to the blockage
of apoptosis, these results suggest that the apoptosis-induc-
tion system may break down and that even the combination
could not overcome the resistance for the induction of
apoptosis in these cells. It is of importance to elucidate the
possible unknown mechanisms of apoptosis signaling
blockage, and such efforts are now being made in our
laboratory.

p27%""! expression was up-regulated by imatinib alone
in all cell lines examined in this study. These results are
consistent with our previous findings that imatinib induced
cell cycle arrest at the GO/G1 phase, accompanied by up-
regulation of p27%™', in KCL22 cells [46]. Addition of
R115777 resulted in no suppression of imatinib-induced
up-regulation of p27%""! expression in all cell lines, sug-
gesting that the combination could not inhibit imatinib-
dependent activation of the G1 checkpoint. It is noteworthy
that R115777 alone increased the p275<F! level (in K562,
KU812, KCL22 and KCL22/SR cells) or had no effect on
the p27%™! level (in K562/SR and KU812/SR cells) (data
not shown). Since FTIs have been shown to induce cell
cycle arrest via inhibition of farnesylation of CENP-E
protein [47,48], it is possible that CENP-E was a target
molecule of R115777 in these cells. Since the apoptosis
signal was blocked downstream of caspase 3, the percen-
tage of GO/G1 cells was significantly increased with GI
checkpoint activation after the combination treatment in
KCL22 and KCL22/SR cells (Fig. 3A and B). Therefore, it
is concluded that cell cycle blockage was mainly involved
in the synergistic cell growth inhibition by the combination
treatment in KCL22 and KCL22/SR cells. We previously
showed that treatment of KCL22 cells with 20 wM ima-
tinib also resulted in G0/G1 accumulation but not in
induction of apoptosis [46]. In this study, combined treat-
ment of KCL22 and KCL22/SR cells with R115777 and a
higher concentration (5 wM) of imatinib also resulted in
GO0/G1 accumulation (data not shown). These results sug-
gest that a high concentration of imatinib could not over-
come G1 checkpoint activation in these cells.

The other cell lines, K562, KU812, K562/SR and
KUS812/SR, exhibited different responses. Although the
level of p27%™! was increased by the combined treatment,
the percentage of GO/G1 cells was not increased but was
rather decreased. The reason for these discrepant phenom-
ena may be the significant induction of apoptosis in these
cells. It is likely that apoptosis is induced in the cells before
they are led to a GO/G1 state. These results suggest that the
induction of apoptosis but not cell cycle blockage plays an
important role in the synergistic growth inhibition of K562,
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KCL22, KCL22/SR

R115777
imatinib

(A)

K562, KU812, K562/SR, KU812/SR

R115777
imatinib

B)

. G0/G1
4 G1 checkpoint accumulation
\/\

Apoptosis

———> | Gl checkpoint

Apoptosis

Fig. 4. Hypothetical scheme of the different responses to the combination of R115777 and imatinib in BCR/ABL-positive cells. (A) The combination treatment
activates the G1 checkpoint, leading to GO/G1-phase accumulation in KCL22 and KCL22/SR cells, in which apoptosis signaling breaks down. (B) K562,
KU812, K562/SR and KU812/SR cells undergo apoptosis with the combination treatment without induction of GO/G1 accumulation.

KUS812, K562/SR and KU812/SR cells. A model for the
different responses to the combination treatment is pre-
sented in Fig. 4. This predicts that the G1 checkpoint
remains active but apoptosis signaling breaks down under
the condition of combination treatment, leading to GO/G1-
phase accumulation in KCL22 and KCL22/SR cells. In
contrast, K562, KU812, K562/SR and KU812/SR cells
mainly undergo apoptosis by the combination treatment. It
is interesting that the imatinib-resistant clone and each
corresponding parental cell line showed similar responses
to the combination treatment. Therefore, the different
pattern of responses might be due to some original cell
characteristics, which remain even after acquisition of
resistance to imatinib.

The results of this study suggest that the combination
treatment of R115777 and imatinib effectively reduce the
number of leukemia cells regardless of the sensitivity to
imatinib. The finding that the relative importance of the
two major mechanisms involved in synergistic inhibition,
induction of apoptosis and cell cycle blockage, differed
among cell types may have important implications for
clinical application of the combination treatment. Since
primitive, quiescent BCR/ABL-positive cells may be resis-
tant to imatinib [49], it is likely that KCL22 or KCL22/SR-
type leukemia cells, the cell cycles of which are induced to
a standstill, may survive after the combination treatment
and grow later in the clinical course. Therefore, additional
treatment for overriding the G1 checkpoint may be
required to eradicate these types of leukemia cells.

Acknowledgments

We are grateful to Drs. Y. Furukawa, T. Kondo,
S. Nakano and K. Mitsugi for their helpful discussions.

We also thank Ms. E. Yamakawa for her help in preparation
of the manuscript. This work was supported by grants-in-
aid from the Ministry of Education, Culture, Sports,
Science and Technology, Japan.

References

[1] Kantarjian H, Sawyers C, Hochhaus A, Guilhot F, Schiffer C, Gam-

bacorti-Passerini C, et al. Hematologic and cytogenetic responses to

imatinib mesylate in chronic myelogenous leukemia. N Engl J Med
2002;346:645-52.

Hughes TP, Kaeda J, Branford S, Rudzki Z, Hochhaus A, Hensley ML,

etal. Frequency of major molecular responses to imatinib or interferon

alfa plus cytarabine in newly diagnosed chronic myeloid leukemia. N

Engl J Med 2003;349:1423-32.

[3] Sawyers CL, Hochhaus A, Feldman E, Goldman JM, Miller CB,

Ottmann OG, et al. Imatinib induces hematologic and cytogenetic

responses in patients with chronic myelogenous leukemia in myeloid

blast crisis: results of a phase II study. Blood 2002;99:3530-9.

Druker BJ, Sawyers CL, Kantarjian H, Resta DJ, Reese SF, Ford JM, et

al. Activity of a specific inhibitor of the BCR/ABL tyrosine kinase in

the blast crisis of chronic myeloid leukemia and acute lymphoblastic

leukemia with the Philadelphia chromosome. N Engl J Med 2001;

344:1038-42.

[5] Shah NP, Nicoll JM, Nagar B, Gorre ME, Paquette RL, Kuriyan J, et al.
Multiple BCR-ABL kinase domain mutations confer polyclonal resis-
tance to the tyrosine kinase inhibitor imatinib (STI571) in chronic
phase and blast crisis chronic myeloid leukemia. Cancer Cell 2002;
2:117-25.

[6] Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette R, Rao PN, et

al. Clinical resistance to STI5S71 cancer therapy caused by BCR-ABL

gene mutation of amplification. Science 2001;293:876-80.

Branford S, Rudzki Z, Walsh S, Grigg A, Arthur C, Taylor K, et al.

High frequency of point mutations clustered within the adenosine

triphosphate-binding region of BCR/ABL in patients with chronic

myeloid leukemia or Ph-positive acute lymphoblastic leukemia who
develop imatinib (STI571) resistance. Blood 2002;99:3472-5.

[8] von Bubnoff N, Schneller F, Peschel C, Duyster J. BCR-ABL gene
mutations in relation to clinical resistance of Philadelphia-chromo-

[2

—

[4

=

[7

—



T. Miyoshi et al./Biochemical Pharmacology 69 (2005) 15851594

some-positive leukemia to STI571: a prospective study. Lancet

2002;359:487-91.

Ricci C, Scappini B, Divoky V, Gatto S, Onida F, Verstovsek S, et al.

Mutation in the ATP-binding pocket of the ABL kinase domain in an

STIS571-resistant BCR/ABL-positive cell line. Cancer Res 2002;

62:5995-8.

[10] le Coutre P, Tassi E, Varella-Garcia M, Barni R, Mologni L, Cabrita G,
et al. Induction of resistance to the Abelson inhibitor STI571 in human
leukemic cells through gene amplification. Blood 2000;95:1758-66.

[11] Weisberg E, Griffin JD. Mechanism of resistance to the ABL tyrosine
kinase inhibitor STI571 in BCR/ABL-transformed hematopoietic cell
lines. Blood 2000;95:3498-505.

[12] Mahon FX, Deininger MW, Schultheis B, Chabrol J, Reiffers J,
Goldman JM, et al. Selection and characterization of BCR-ABL
positive cell lines with differential sensitivity to the tyrosine kinase
inhibitor STI571: diverse mechanisms of resistance. Blood 2000;
96:1070-9.

[13] Gambacorti-Passerini C, Barni R, le Coutre P, Zucchetti M, Cabrita G,
Cleris L, et al. Role of a1 acid glycoprotein in the in vivo resistance of
human BCR-ABL" leukemic cells to the Abl inhibitor STI571. J Natl
Cancer Inst 2000;92:1641-50.

[14] Tarumoto T, Nagai T, Ohmine K, Miyoshi T, Nakamura M, Kondo T, et
al. Ascorbic acid restores the sensitivity to imatinib through suppres-
sion of Nrf2-dependent gene expression in a imatinib-resistant cell
line, KCL22/SR. Exp Hematol 2004;32:375-81.

[15] Roche-Lestienne C, Soenen-Cornu V, Grardel-Duflos N, Lai JL,
Philippe N, Facon T, et al. Several types of mutations of the Abl
gene can be found in chronic myeloid leukemia patients resistant to
STIS71, and they can pre-exist to the onset of treatment. Blood
2002;100:1014-8.

[16] Kreuzer KA, Le Coutre P, Landt O, Na IK, Schwarz M, Schultheis K,
et al. Preexistence and evolution of imatinib mesylate-resistant clones
in chronic myelogenous leukemia detected by a PNA-based PCR
clamping technique. Ann Hematol 2003;82:284-9.

[17] Hofmann WK, Komor M, Wassmann B, Jones LC, Gschaidmeier H,
Hoelzer D, et al. Presence of the BCR-ABL mutation Glu255Lys prior
to STI571 (imatinib) treatment in patients with Ph+ acute lympho-
blastic leukemia. Blood 2003;102:659-61.

[18] La Rosee P, Corbin AS, Stoffregen EP, Deininger MW, Druker BJ.
Activity of the Ber-Abl kinase inhibitor PD180970 against clinically
relevant Ber-Abl isoforms that cause resistance to imatinib mesylate
(Gleevec, STI571). Cancer Res 2002;62:7149-53.

[19] Mow BM, Chandra J, Svingen PA, Hallgren CG, Weisberg E, Kottke
TJ, et al. Effects of the Ber/abl kinase inhibitors STI571 and ada-
phostin (NSC 680410) on chronic myelogenous leukemia cells in
vitro. Blood 2002;99:664-71.

[20] Nagar B, Bornmann WG, Pellicena P, Schindler T, Veach DR, Miller
WT, et al. Crystal structures of the kinase domain of c-Abl in complex
with the small molecule inhibitors PD173955 and imatinib (STI-571).
Cancer Res 2002;62:4236-43.

[21] Wisniewski D, Lambek CL, Liu C, Strife A, Veach DR, Nagar B, et al.
Characterization of potent inhibitors of the Bcr-Abl and the c-kit
receptor tyrosine kinases. Cancer Res 2002;62:4244-55.

[22] Tipping AJ, Melo JV. Imatinib mesylate in combination with other
chemotherapeutic drugs: in vitro studies. Semin Hematol 2003;
40(Suppl. 2):83-91.

[23] Druker BJ. Overcoming resistance to imatinib by combining targeted
agents. Mol Cancer Ther 2003;2:225-6.

[24] Rowinsky EK, Windle JJ, Von Hoff DD. Ras protein farnesyltransfer-
ase: a strategic target for anticancer therapeutic development. J Clin
Oncol 1999;17:3631-52.

[25] Gibbs RA. Farnesyltransferase inhibitors: novel anticancer mechan-
isms and new therapeutic applications. Curr Opin Drug Dis Dev
2000;3:585-96.

[26] Kohl NE, Omer CA, Conner MW, Anthony NJ, Davide JP, deSolms SJ,
et al. Inhibition of farnesyltransferase induces regression of mammary

[9

[t

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

1593

and salivary carcinomas in ras transgenic mice. Nat Med 1995;1:
792-17.

Ashar HR, James L, Gray K, Carr D, Black S, Armstrong L, et al.
Farnesyl transferase inhibitors block the farnesylation of CENP-E and
CENP-F and alter the association of CENP-E with the microtubules. J
Biol Chem 2000;275:30451-7.

Lebowitz PF, Prendergast GC. Non-Ras targets of farnesyltransferase
inhibitors: focus on Rho. Oncogene 1998;17:1439-45.

Peters DG, Hoover RR, Gerlach MJ, Koh EY, Zhang H, Choe K, et al.
Activity of the farnesyl protein transferase inhibitor SCH66336
against BCR/ABL-induced murine leukemia and primary cells from
patients with chronic myeloid leukemia. Blood 2001;97:1404—12.
Reichert A, Heisterkamp N, Daley GQ, Groffen J. Treatment of Ber/
Abl-positive acute lymphoblastic leukemia in P190 transgenic mice
with the farnesyl transferase inhibitor SCH66336. Blood 2001;
97:1399-403.

Hoover RR, Mahon FX, Melo JV, Daley GQ. Overcoming STI571
resistance with the farnesyl transferase inhibitor SCH66336. Blood
2002;100:1068-71.

Karp JE, Lancet JE, Kaufmann SH, End DW, Wright JJ, Bol K, et al.
Clinical and biologic activity of the farnesyltransferase inhibitor
R115777 in adults with refractory and relapsed acute leukemias: a
phase 1 clinical-laboratory correlative trial. Blood 2001;97:3361-9.
Cortes J, Albitar M, Thomas D, Giles F, Kurzrock R, Thibault A, et al.
Efficacy of the farnesyl transferase inhibitor R115777 in chronic
myeloid leukemia and other hematologic malignancies. Blood
2003;101:1692-7.

Cortes J, Garcia-Manero G, O’Brien S, Hernandez I, Rackoff W,
Faderl S, et al. Phase I study of a imatinib and Tipifarnib (ZarnestraTM,
R115777) in patients with chronic myeloid leukemia in chronic phase
refractory to imatinib. Blood 2003;102:909a.

Gotlib J, Mauro M, O’Dwyer ME, Fechter L, Dugan K, Kuyl J, et al.
Tipifarnib (Zarnestra™) and imatinib (Gleevec™) combination ther-
apy in patients with advanced chronic myelogenous leukemia (CML):
preliminary results of a phase I study. Blood 2003;102:909a.
Ohmine K, Nagai T, Tarumoto T, Miyoshi T, Muroi K, Mano H, et al.
Analysis of gene expression profiles in an imatinib-resistant cell line,
KCL22/SR. Stem Cells 2003;21:315-21.

Steel GG, Peckham MJ. Exploitable mechanisms in combined radio-
therapy-chemotherapy: the concept of additivity. Int J Radiat Oncol
Biol Phys 1979;5:85-91.

Kano Y, Akutsu M, Tsunoda S, Mano H, Sato Y, Honma Y, et al. In vitro
cytotoxic effects of a tyrosine kinase inhibitor STI571 in combi-
nation with commonly used antileukemic agents. Blood 2001;97:
1999-2007.

Lassar AB, Davis RL, Wright WE, Kadesch T, Murre C, Voronova A,
et al. Functional activity of myogenic HLH proteins requires hetero-
oligomerization with E12/E47-like proteins in vivo. Cell 1991;
66:305-15.

Nagai T, Harigae H, Ishihara H, Motohashi H, Minegishi N, Tsuchiya
S, et al. Transcription factor GATA-2 is expressed in erythroid, early
myeloid, and CD34+ human leukemia-derived cell lines. Blood
1994;84:1074-84.

Adjei AA, Davis IN, Erlichman C, Svingen PA, Kaufmann SH.
Comparison of potential markers of farnesyltransferase inhibition.
Clin Cancer Res 2000;6:2318-25.

Hochhaus A. Cytogenetic and molecular mechanisms of resistance to
imatinib. Semin Hematol 2003;40:69-79.

Mahon FX, Belloc F, Lagarde V, Chollet C, Moreau-Gaudry F,
Reiffers J, et al. MDR1 gene overexpression confers resistance to
imatinib mesylate in leukemia cell line models. Blood 2003;
101:2368-73.

Ferrao PT, Frost MJ, Siah SP, Ashman LK. Overexpression of
P-glycoprotein in K562 cells does not confer resistance to the growth
inhibitory effects of imatinib (STI571) in vitro. Blood 2003;102:
4499-503.



1594

[45]

[46]

[47]

T. Miyoshi et al./Biochemical Pharmacology 69 (2005) 1585-1594

Jacquel A, Herrant M, Legros L, Belhacene N, Luciano F, Pages G,
et al. Imatinib induces mitochondria-dependent apoptosis of the
Ber-Abl-positive K562 cell line and its differentiation towards the
erythroid lineage. FASEB J 2003;17:2160-2.

Komatsu N, Watanabe T, Uchida M, Mori M, Kirito K, Kikuchi S,
et al. A member of Forkhead transcription factor FKHRLI1 is a
downstream effector of STI5S71-induced cell cycle arrest in BCR-
ABL-expressing cells. J Biol Chem 2003;278:6411-9.

Ashar HR, James L, Gray K, Carr D, Black S, Armstrong L, et al.
Farnesyl transferase inhibitors block the farnesylation of CENP-E and

(48]

[49]

CENP-F and alter the association of CENP-E with the microtubules. J
Biol Chem 2000;275:30451-7.

Ashar HR, James L, Gray K, Carr D, McGuirk M, Maxwell E, et al.
The farnesyl transferase inhibitor SCH 66336 induces a G(2) — M or
G(1) pause in sensitive human tumor cell lines. Exp Cell Res 2001;
262:17-27.

Graham SM, Jorgensen HG, Allan E, Pearson C, Alcorn MJ, Rich-
mond L, et al. Primitive, quiescent, Philadelphia-positive stem cells
from patients with chronic myeloid leukemia are insensitive to STI5S71
in vitro. Blood 2002;99:319-25.



	Relative importance of apoptosis and cell cycle blockage in the synergistic effect of combined R115777 and imatinib treatment �in BCR/ABL-positive cell lines
	Introduction
	Materials and methods
	Cell lines
	Cytotoxic effects of a combination of R115777 and imatinib
	Western blot analysis
	Flow cytometry

	Results
	Development of imatinib-resistant �BCR/ABL-positive cell lines
	Combined treatment of BCR/ABL-positive cells �with R115777 and imatinib resulted in synergistic inhibition of cell growth
	R115777 and imatinib synergistically inhibited the growth of leukemia cells from a patient in blast crisis
	Induction of apoptosis by combination of �R115777 and imatinib
	Effect of the combination of R115777 and �imatinib on the cell cycle

	Discussion
	Acknowledgments
	References


